A topologically conserved residue in α-helix 6 of domain II of human glutathione transferase (hGST) A1-1 was mutated to investigate its contribution to protein stability and the unfolding pathway. The replacement of Leu-164 with alanine (L164A) did not impact on the functional and gross structural properties of native hGST A1-1. The wild-type protein unfolds via a threestate pathway in which only folded dimer and unfolded monomer were highly populated at equilibrium ; a native-like dimeric intermediate with partially dissociated domains I and II was detected using stopped-flow fluorescence studies [Wallace, SluisCremer and Dirr (1998) Biochemistry 37, 5320-5328]. In the present study, urea-induced equilibrium unfolding of L164A hGST A1-1 indicated a destabilization of the native state and
INTRODUCTION
The multifunctional cytosolic glutathione transferases (GSTs ; EC 2.5.1.18) constitute a supergene family with six speciesindependent gene classes : Alpha, Mu, Pi [1] , Sigma [2] , Theta [3] and Kappa [4] . Inspection of the crystal structures of proteins from various gene classes indicates a highly conserved archetypical fold throughout the family [5, 6] . Each subunit of these dimeric proteins is composed of two structurally distinct domains with well conserved cores : a smaller N-terminal α\β domain (domain I) and a larger C-terminal all-α-helical domain (domain II).
The hydrophobic core of domain II is formed by the close packing of α-helices 5, 6 and 7, with a topologically conserved hydrophobic amino acid residue located in helix 6 (i.e. Leu-164, class Alpha ; Leu-157, class Pi ; Leu-158, Schistosoma japonicum GST ; Leu-163, class Mu ; Leu-160, class Sigma ; Val-163, class Theta) (see Figure 1 , upper panel). In human GST (hGST) A1-1, Leu-164 is buried (solvent-accessible surface area of 2 A H #), with its aliphatic side chain protruding into the core, and it is surrounded by the side chains of Phe-133 (in helix 5), Leu-160, Val-161 and Val-167 (in helix 6), and Leu-181, Leu-184 and Lys-185 (in helix 7) (Figure 1 , lower panel). The interior packing of a protein molecule is crucial for stabilization of its native threedimensional conformation [7] . The cores of globular proteins are tightly packed and stabilized by hydrogen bonding and hydrophobic interactions [8] . The importance of hydrophobic interactions (termed the hydrophobic effect) in driving protein folding as well as in stabilizing and specifying unique native conforAbbreviations used : ANS, 8-anilino-1-naphthalene sulphonate ; CDNB, 1-chloro-2,4-dinitrobenzene ; (h)GST, (human) glutathione S-transferase ; k u and k u (H 2 O), first-order unfolding rate constants in the presence and absence of urea respectively ; τ u (H 2 0), time constant for unfolding in absence of denaturant ; ∆G(H 2 O), free energy change in the absence of denaturant. 1 To whom correspondence should be addressed (e-mail 089dirr!cosmos.wits.ac.za).
suggested the presence of a stable dimeric intermediate. The unfolding kinetic pathway for L164A hGST A1-1, like that for the wild type, is biphasic, with a fast and a slow unfolding event ; the cavity-forming mutation has a substantially greater effect on the rate of unfolding of the fast event. The equilibrium and kinetic unfolding data for L164A hGST A1-1 suggest that a rapid pre-equilibrium is established between the native dimer and a dimeric intermediate before complete domain and subunit dissociation and unfolding. It is proposed that the topologically conserved bulky residue in α-helix 6 plays a role in specifying and stabilizing the core of domain II and the interface of domains I and II.
mations has been reviewed [7] . However, the importance of hydrophobic interactions varies considerably with the position within the protein [9] . This paper is the first to describe urea-induced equilibrium and kinetic unfolding studies for determining the role of conserved hydrophobic interactions in stabilizing cytosolic GSTs and in specifying their unfolding pathway. Hydrophobic interactions in the core of domain II of hGST A1-1 were truncated by replacing the conserved Leu-164 with an alanine residue ; the rationale for this type of non-disruptive deletion is well documented [10] . Although the mutation did not impact on the structure and function of the native enzyme, it did destabilize the protein molecule. Furthermore, the L164A mutation modified the equilibrium unfolding pathway of hGST A1-1 by resulting in the accumulation of a dimeric unfolding intermediate(s), as detected in kinetic studies.
EXPERIMENTAL Materials
The plasmid pKHA1 was a gift from Professor B. Mannervik (Department of Biochemistry, University of Uppsala, Sweden) [11] . The restriction enzyme (SacI) and the DNA sequencing kit (Sequenase v2.0) were purchased from Amersham Life Science International. The Exsite mutagenesis kit was purchased from Stratagene. Ultrapure urea was purchased from ICN Biomedicals. All other reagents were of analytical grade.
Figure 1 Sequences and structure of the core in domain II of GSTs
Upper panel : sequence alignment for α-helices 6 and 7 of domain II for various classes of GSTs for which three-dimensional crystal structures are available : class Alpha (1guh [38] ), class Sigma (1gsq [39] ), class Mu (1gst [40] ), class Pi (2gsr [41] ), S. japonicum GST (Sj26 ; 1gne [42] ) and class Theta (Lucilia cuprina [43] ). The numbering and position of the α-helices is for the class-Alpha GST. The topologically conserved aliphatic residue is indicated (in bold, asterisk). Lower panel : hydrophobic core of domain II of hGST A1-1, indicating the side chains of Leu-164 (ball-and-stick ; helix 6), Phe-133 (helix 5), Leu-160, Val-161, Val-167 (all in helix 6), Leu-181, Leu-184 and Lys-185 (all in helix 7). Helix 5 is represented as a thinner ribbon for clarity. The diagram was obtained using the program MOLSCRIPT [37] using the PDB file 1guh.
The mutagenesis oligonucleotide primers used to create L164A hGST A1-1 were L164AFP (5h-TACTACGTCGAGGAGCTT-G-3h) and L164ARP (5h-TGCGAGCTCCACCAGATGAATG-TC-3h). In primer L164ARP, the underlined nucleotides represent a translationally silent mutation which incorporated a unique restriction site SacI for screening for the mutant plasmid, and the italicized nucleotides represent the mutation that generates the Leu to Ala substitution. Site-directed mutagenesis was performed using whole-plasmid PCR mutagenesis methodology [12] . The entire cDNA encoding L164A hGST A1-1 was sequenced by the dideoxy chain-termination method [13, 14] using a Sequenase kit (v2) to ensure that no other mutations were introduced into the nucleotide sequence during PCR.
Wild-type and mutant enzymes were purified by S-hexylglutathione affinity chromatography [11, 15] . Protein homogeneity was assessed using SDS\PAGE [16] and size-exclusion HPLC. The protein concentration for dimeric wild-type and mutant hGST A1-1 was estimated using a molar absorption coefficient of 38 200 M −" :cm −" at 280 nm, as calculated by the method described by Perkins [17] .
Steady-state enzyme properties
The steady-state enzyme kinetics were monitored spectrophotometrically at 340 nm in 0.1 M potassium phosphate\1 mM EDTA, pH 6.5 [18] , containing 2 mM GSH and 1.6 mM 1-chloro-2,4-dinitrobenzene (CDNB). The inhibition of CDNBconjugating activity was assessed using S-hexylglutathione (0-70 µM), glutathione sulphonate (0-100 µM) and 8-anilino-1-naphthalene sulphonate (ANS) (0-100 µM). All reactions were followed for 60 s at room temperature (about 21 mC) and corrected for non-enzymic rates.
The thermal stability of wild-type and mutant GST A1-1 was studied by incubating 1 µM enzyme for 30 min at a specified temperature over the range 10-80 mC. The remaining activity was assayed by the method described above. Aggregation was monitored by Rayleigh scattering, with excitation and emission wavelengths set at 295 nm.
Spectroscopic studies
The intrinsic fluorescence emission spectra of tryptophan alone (excitation at 295 nm) and of tyrosine and tryptophan (excitation at 280 nm) were measured with a Hitachi model 850 fluorescence spectrofluorimeter. The excitation and emission bandwidths were set to 5 nm. Second-derivative analyses of UV spectra (250-320 nm) were used to compare the extent of tyrosine exposure for each protein [19, 20] .
Unfolding measurements
Equilibrium unfolding and reversibility experiments were performed at room temperature in 20 mM sodium phosphate, 1 mM EDTA and 100 mM NaCl buffer, pH 6.5. Protein (wild-type, 0.1-5.0 µM ; mutant, 0.1-3.0 µM) was incubated in 0-8 M urea for at least 1 h to ensure that equilibrium was achieved. The reversibility of the urea-induced equilibrium unfolding was assessed by a 10-fold dilution of unfolded enzyme (10 µM in 8 M urea) into buffer without urea. Steady-state tryptophan measurements (excitation at 295 nm ; emission at 325 nm for folded protein and at 355 nm for unfolded protein), anisotropy and the binding of the ligand ANS were performed as previously described [20, 21] . The analysis of the equilibrium unfolding transition and determination of conformational unfolding parameters ourea-induced midpoint of unfolding, free energy change in the absence of denaturant [∆G(H # O)] and m-valueq were as described in [22] ; the m-value describes the dependence of ∆G on denaturant concentration.
Unfolding kinetics were studied by stopped-flow fluorescence in an Applied Photophysics spectrofluorimeter model SX-18MV. The change in fluorescence upon unfolding was measured by excitation at 280 nm, and the emission was measured using a 320 nm cut-off filter. The excitation and emission pathlengths were 10 mm and 2 mm respectively. An excitation bandwidth of 2.32 nm was employed to minimize photodecomposition. The dead time of the instrument was determined to be 2 ms using the reduction of 2,6-dichlorophenolindophenol by ascorbic acid at 524 nm [23] . The temperature in the stopped-flow cell was regulated within 0.1 mC of the required temperature using a thermostatted water bath.
The urea dependence of the rate of the unfolding reaction was investigated between 3.0 and 8.3 M urea at 10 mC and 25 mC. A portion of 6 µM of native enzyme (wild-type and L164A mutant) in 20 mM sodium phosphate buffer, pH 6.5, containing 1 mM EDTA and 100 mM NaCl was diluted 6-fold (1 : 5 asymmetric mixing) with 3-10 M urea. The final protein concentration was 1 µM.
All kinetic unfolding traces were analysed using the Applied Photophysics software, version 4.24. The programme utilizes the non-linear least-squares fitting algorithm of Marquardt [24] . As described in [25] , unfolding jumps ending at a urea concentration equal to or greater than 6 M (i.e. in the post-transition baseline) were fitted using a single exponential function, whereas unfolding jumps ending at urea concentrations between 3.8 and 5.8 M (i.e. within the equilibrium transition) were analysed using the relaxation expression described by Bernasconi [26] , since both unfolding and refolding reactions must be considered in this region. Three to four kinetic runs were averaged per experiment, and the S.D.s were calculated for at least three separate experiments. The deviations of the experimental data from the fitted function (i.e. the residuals) were used to judge the accuracy and quality of the fit. The S.E.M. values reported are for the leastsquares fitting of the data to the appropriate equation (SigmaPlot, v 5.0 ; Jandel Corp.).
RESULTS

Physicochemical properties of L164A hGST A1-1
Probes for tertiary and quaternary structure indicated that purified wild-type and L164A mutant hGST A1-1 share similar overall structures (dimeric molecular mass of 54 kDa ; subunit molecular mass of 27 kDa). Their specific activities were similar (54 µmol\min per mg of protein), as were their steady-state kinetic parameters (results not shown). In addition, both enzymes were inhibited competitively to the same extent by the glutathione analogues glutathione sulphonate (IC &! between 8.9 and 10 µM) and S-hexylglutathione (IC &! between 1.25 and 1.34 µM). Noncompetitive inhibition by the non-substrate ligand ANS was also identical for wild-type and mutant enzymes (IC &! approx. 100 µM). They shared very similar intrinsic fluorescence properties when excited at either 280 nm or 295 nm (emission maximum at 325 nm), and second-derivative analyses of their UV spectra indicated a similar extent of tyrosine exposure.
Thermal stability
The thermal inactivation of wild-type and mutant enzyme activity was investigated over a temperature range of 10k80 mC (results not shown). The activity of the wild-type hGST A1-1 began to decrease at about 50 mC, and displayed a T m (the temperature at which there was 50 % activity remaining) of about 58 mC. In contrast, the thermal inactivation for the mutant protein started at 40 mC, and displayed a T m of 52 mC.
Equilibrium unfolding
Unfolding induced by urea was reversible ; the recovery for refolded L164A hGST A1-1 was approx. 80 % with regard to both fluorescence intensity (at 325 nm) and enzyme activity. This was lower than the 90 % values observed for refolded wildtype enzyme, but refolding of the mutant protein still resulted in a catalytically functional conformation.
The urea-induced equilibrium unfolding transition for L164A hGST A1-1 is shown in Figure 2(A) . Like wild-type hGST A1-1 (broken curve in Figure 2A ; see [25] ), the unfolding curve for the mutant showed a single sigmoidal transition with coincident spectroscopic and ligand-binding data. However, L164A hGST A1-1 displays an unfolding transition that is broader than that for the wild-type enzyme and is shifted towards lower urea concentrations. The unfolding transition for 1 µM L164A hGST A1-1 has a midpoint at 3.6 M urea, compared with 4.5 M urea for 1 µM wild-type enzyme. In addition, the m-value of 10.9p1.3 kJ\mol per M (2.6p0.3 kcal\mol per M) for L164A hGST A1-1, calculated assuming the two-state model, is much reduced (approx. 38 %) when compared with that for the wild type [17.6p2.9 kJ\mol per M (4.2p0.7 kcal\mol per M)]. The ∆G(H # O) value was estimated to be 115p15.9 kJ\mol (27.5p3.8 kcal\mol) and 70.3p8.4 kJ\mol (16.8p2.0 kcal\mol) for 1 µM wild-type and mutant protein respectively. The proteinconcentration-dependence of the unfolding transition for the mutant protein ( Figure 2B ) indicates increased stability with increasing protein concentration.
Unfolding kinetics studies
Urea-induced unfolding of wild-type hGSTA1-1 yields two exponential unfolding phases over a wide range of urea concentrations (3.5-8.9 M) and temperature (10k40 mC) : a fast phase with increasing tryptophan fluorescence intensity, followed by a slow phase with decreasing fluorescence intensity (see Figure 3 in [25] ). The fast phase occurred as a burst phase at 40 mC [i.e. within the dead time (2 ms) of the stopped-flow instrument]. Unfolding kinetic traces for L164A hGST A1-1 are shown in Figure 3 , and also indicate two unfolding phases ; however, the fast phase occurs within the 2 ms dead time at 25 mC ( Figure 3A) , but can be resolved at lower urea concentrations ( 5 M) and lower temperatures (10 mC) ( Figure 3B ). This event was best described by a mono-exponential function with an apparent unfolding rate constant of 110.9p19.2 s −" (10 mC and 5 M urea), which is approx. 60-fold greater than the apparent unfolding rate constant obtained for the fast phase for wild-type hGST A1-1 (1.93p0.12 s −" ) under identical unfolding conditions. The rate of unfolding for the slow phase was only slightly affected by the mutation.
The rates of unfolding of the fast and slow phases increased as conditions favoured the unfolded state (Figure 4) first-order unfolding rate constants in the presence and absence of urea respectively ; the slope m u represents the change in solvent accessibility of the transition state for each unfolding phase. The unfolding kinetic parameters obtained from the data in Figure 4 indicate a significant effect of the mutation on the rate of unfolding in the fast phase. The unfolding rates in the absence of denaturant for the fast phase, k u (H # O), are 0.17p0.04 s −" and 25.3p5 s −" for wild-type and mutant proteins respectively. These results correspond to time constants [τ u (H # O)] for the fast phase of 6.0p1.4 s and 40.2p7.8 ms for wild-type and mutant respectively. The mutation, therefore, increases the unfolding rate for the fast phase by approx. 145-fold. The mutation perturbed the rate of unfolding for the slow phase only slightly (an approx. 1.5-fold increase). The apparent rates of unfolding in both phases for wild-type and mutant proteins displayed urea dependencies (i.e. the m u values were similar).
DISCUSSION
A topologically conserved bulky aliphatic residue in the hydrophobic core of domain II (α-helix 6) in cytosolic GSTs is in a key area of contact within the core. Leu-164 of hGST A1-1 ( Figure  1 , lower panel) was truncated to an alanine, i.e. three methylene groups per subunit were deleted. The detailed structure at the site of the mutation is unknown ; however, the non-disruptive nature of the Leu-164 Ala mutation in hGST A1-1 was confirmed by the absence of changes in the protein's functional (catalytic and ligand binding) and gross structural properties. Any side-and\or main-chain rearrangements to accommodate the decreased volume substitution are most probably small, since no changes were observed in the fluorescence properties (emission wavelength and intensity) of Trp-20. Leu-164 is located in a densely packed region, and the large number of contacts between the residues surrounding the site of mutation could minimize structural rearrangements [28, 29] . Because of the non-disruptive nature of the substitution and the inaccessibility of the core to bulk solvent, it is highly unlikely that water would occupy the hydrophobic cavity created by the mutation [30] .
A sequential three-state unfolding pathway has recently been described for wild-type hGST A1-1, based on equilibrium and kinetic data [25] : N # N # * 2U, where N # (native dimer) and U (unfolded monomer) are stable states observed in an equilibrium two-state mechanism (N # 2U) ; N # * (a transient dimeric intermediate with enhanced Trp-20 fluorescence), on the other hand, is negligibly populated at equilibrium and is observed only in unfolding kinetics studies. The N # N # * transition represents the fast kinetic unfolding phase, and N # * 2U is the slow kinetic unfolding phase. The origin of the fast unfolding event is proposed [25] to lie in the partial dissociation of domain I from domain II at or near Trp-20. Trp-20 should be sensitive to changes in the tertiary environment at the domain interface, since its indole side chain protrudes from domain I into domain II, where it makes hydrophobic contacts (within 10 A H ) with Glu-162 and Tyr-165 in α-helix 6. The slow unfolding event represents the complete dissociation and unfolding of the dimeric intermediate, N # *, into two unfolded monomers. When compared with unfolding data for the wild-type protein, the L164A mutant protein displays diminished stability. This might explain the 40 % lower yields obtained for the expression of the mutant protein in Escherichia coli when compared with the wild-type protein. However, the mutant is denatured over a broader range of urea concentrations (i.e. displays a decreased m-value). The decreased m-value is one that would be expected for a monomeric form of GST A1-1 that unfolds via a two-state mechanism, but the native state of the mutant protein is dimeric. The origin of a decrease in m-values may lie in : (i) a difference in the exposed surface area of the native and\or the unfolded state [31, 32] ; (ii) a situation whereby an intermediate becomes significantly populated and the mutant protein no longer displays equilibrium two-state unfolding behaviour [33] [34] [35] ; or (iii) changes in the interactions of the denaturant with the molecules in the denatured state [36] . The chances of (i) being applicable to the L164A hGSTA1-1 mutant are very low, because of the nondisruptive nature of the mutation and because the mutation is likely to induce minimal perturbations on the unfolded state. Also, the possibility of (iii) being applicable is very low, since urea and guanidinium chloride induce complete unfolding of GSTs and yield similar values for ∆G(H # O) for unfolding [20] , suggesting that there are no specific binding sites for these denaturants in either the folded or the unfolded protein. The broader unfolding transition and decreasd m-value are, therefore, most probably due to the accumulation at equilibrium of an unfolding intermediate of the mutant, thus modifying the equilibrium properties from two-state to three-state. The proteinconcentration-dependence of the mutant's stability suggests the presence of a well populated dimeric state(s) in equilibrium with unfolded monomer within the unfolding transition.
The unfolding kinetic pathway for the L164A mutant is similar to that described for wild-type hGST A1-1 [25] . However, the mutation destabilizes the native state (N # ), resulting in a much more rapid formation of the intermediate state (N # *) without significantly perturbing the apparent unfolding rate of the slower phase. The substantially greater effect of the amino acid substitution on the fast unfolding step suggests that the packing is looser in the dimeric unfolding intermediate (N # *) than in the native dimer (N # ). The kinetic data indicate that there could be a small amount of dimeric intermediate (N # *) populated at equilibrium for the mutant (due to a pre-equilibrium established between N # and N # *) and this, therefore, explains the three-state nature (reduced m-value) and proteinconcentration-dependence of the equilibrium unfolding transition for the mutant.
The similar m u -values obtained for the urea-concentrationdependence of the unfolding rate constants for the fast phase for wild-type and mutant hGST A1-1 suggests that their transition states occupy similar positions on the reaction co-ordinate diagram based on solvent accessibility. Furthermore, the similar m u and k u (H # O) values obtained for the slow phase suggest that the nature of the transition state was not altered significantly by the mutation, and that the kinetic pathway for this overall ratelimiting step of unfolding remains essentially unchanged. Because the overall unfolding\refolding pathway is unchanged, the significantly enhanced k u (H # O) for the fast unfolding phase for L164A hGST A1-1 (without m u being significantly affected) might suggest that the transition state involves the penetration of solvent into the hydrophobic core ; the greater apparent unfolding rate implies that less energy would be required to solvate the core of the mutant because of decreased core residue hydrophobicity.
In conclusion, the dimeric wild-type and L164A mutant hGST A1-1 enzymes appear to proceed through the same two basic unfolding steps along a sequential pathway : a rapid partial dissociation of domain I from domain II in each subunit, followed by the slower dissociation and unfolding of a dimeric intermediate. The topologically conserved bulky hydrophobic residue (Leu\Val) in GSTs, through van der Waals contacts and hydrophobic stabilization, stabilizes the core in domain II, the interactions at the domain I-domain II interface and hence the overall GST tertiary and quaternary structures.
